The modulatory role of the cerebellum was investigated in a case with rhombencephalosynapsis (RS), a rare dysplasia characterized by the absence of the cerebellar vermis. The visual psychophysical task involved localizing a target and ignoring a distractor appearing either before, at the same time as, or after the target. It allowed us to assess reactivity to warning signals, distraction, and reactivity to signals appearing during attentive processing. Compared with a control sample, the patient exhibited greater reactivity to warning signals and difficulties interrupting attentive processing, whereas distraction was not increased. Complementary analyses showed that these deficits did not reflect just delayed development of attentional processes. These results suggest that the cerebellum modulates responsiveness and commands attentional/exploratory flexibility in response to sensory signals.
Does the cerebellum play a part in the attentive selection of sensory signals? Courchesne and Allen (1997) proposed that it acts as an attention-related processor, optimizing processing of sensory signals on the basis of previous events. Its basic functions would thus involve predicting the occurrence of events and preparing for processing and action. The existence of connections with attentionrelated brain areas, such as the lateral intraparietal area (Corbetta & Shulman, 2002; Middleton & Strick, 1998) , the frontal eye fields (Muggleton, Juan, Cowey, & Walsh, 2003) , and the ventral premotor cortex (Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003; Michael, Garcia, Fernandez, Sellal, & Boucart, 2006) offers support for this hypothesis. Neuroimaging studies have almost always reported cerebellar attention-related activity (e.g., Le, Pardo, & Hu, 1998; Makino, Yokosawa, Takeda, & Kumada, 2004; Sturm & Willmes, 2001) , and attentional efficiency is linked to the size (Berquin et al., 1998; Hill et al., 2003; MacLullich et al., 2004) and integrity (e.g., Golla, Thier, & Haarmeier, 2005; Justus & Ivry, 2001; Schmahmann, 2004) of cerebellar structures.
Although there is evidence that covert shifts of attention are not disturbed, contrary to overt shifts and oculomotor control (Golla, Thier, & Haarmeier, 2005; Machner, Sprenger, Kömpf, & Heide, 2005; Yamaguchi, Tsuchiya, & Kobayashi, 1998) , other aspects of attention seem to be disturbed after cerebellar lesions involving the vermis. For instance, Caston et al. (1998) showed that guinea pigs with vermal hypoplasia were less influenced by environmental stimuli than controls, and less responsive to noise. Bobée, Mariette, Tremblay-Leveau, and Caston (2000) observed similar behavior in rats with early lesions of the cerebellar vermis. In the presence of auditory noise, the control rats changed their attentional/exploratory behavior, whereas the behavior of vermal animals remained unchanged whether noise was present or not. The authors noted, "lesioned animals seemed to ignore noise to a great extent" (Bobée et al., 2000, p. 112) . This behavior might reflect the failure of a process that acts to detect sensory signals occurring outside the current focus of attention. This account is supported by similar observations made in humans with lesions of the posterior thalamus (Michael, Boucart, Degreef, & Godefroy, 2001) , which is connected to the cerebellum (Akshoomoff & Courchesne, 1992) . Another interesting finding of the study by Bobée et al. (2000) was that the vermal animals were hyperactive, which probably reflects a lack of inhibition normally exerted on motor structures by the cerebellum. It is easy to think of this as a sign of disordered reactivity to sensory signals according to the proposals made by Courchesne and Allen (Allen & Courchesne, 2003; Courchesne & Allen, 1997) to the effect that "the exact knowledge of upcoming sensory and neural sequences can improve the precision of the preparatory responses" (p. 4). It is reminiscent of Posner's phasic alerting (Posner, 1978) , a basic attention mechanism that is involved in preparing to react to expected signals and depends on fronto-subcortical networks involving the cerebellum (Sturm & Willmes, 2001) . It is also reminiscent of the notion of orienting attention in time, involving premotor areas (Nobre, 2001) to which the cerebellum projects. The disinhibitory action of cerebellar lesions on motor control is also illustrated by cognitive overshoot, one of the symptoms of the cerebellar cognitive affective syndrome (Schmahmann, 2004) , where patients have difficulty controlling ongoing activity and which results in excessive/ exaggerated behavior and responsiveness.
The vermis may thus alter responsiveness to sensory signals by modulating the excitability of cortico-subcortical motor and cognitive circuits. This may allow for attentional/exploratory flexibility in response to environmental cues, especially while other signals are being processed. The present article was aimed at collecting evidence about the role of the vermis in these attention processes. We used the singe-case approach (Shallice, 1979; see Caramazza, 1986 , for the generalization of single-case studies) to analyze performance of a patient with rhombencephalosynapsis (RS), a rare congenital focal cerebellar dysplasia (Patel & Barkovich, 2002; Silitet, Mutlu, & Ozturk, 2002; Toelle et al., 2002) characterized by the absence of the cerebellar vermis with midline fusion of the cerebellar hemispheres and, frequently, fusion of the dentate nuclei. Frequent symptoms are ataxia and poor balance, as well as delayed cognitive development and mental retardation, although there have been several reports of normal intellectual functioning (Bell, Stanko, & Levine, 2005; Chemli, Abroug, Tlili, & Habri, 2007; Guyot, Kazmierczak, & Michael, 2000; Leiz et al., 2000; Schlachter et al., 1993; Toelle et al., 2002; ) . Given the role of the vermis in modulating responsiveness to sensory signals, it was hypothesized that (a) overreaction to forthcoming targets would be observed as a result of motor disinhibition, and (b) reduced reactivity to task-irrelevant signals would be observed as a result of decreased exploratory activity during target processing. We performed a simple visual psychophysical attention task assessing (a) motor reactivity to stimuli following a warning signal (i.e., phasic alerting), (b) reactivity to distractors occurring at the same time as target signals (i.e., distraction), and (c) reactivity to distractors occurring some time after the target (i.e., interruption of ongoing activities).
Case Description
Lucas, a right-handed boy born in February 1995, was referred to the neuropediatrics department of the Debrousse hospital, Lyons, France, in December 2004 for attention difficulties, impulsive behavior, increased impatience, and disturbances of fine motor activities and poor equilibrium. In the Q-AVQ (French version of the activities of daily living scale; Geuze, 2005) , Lucas' parents reported delayed locomotor development (at age 21 months), delayed complex motor activities (cycling and swimming), and recent attention and behavioral disturbances, but they stated that Lucas' daily motor activities were not disturbed. No delay in speech development was noted. At that time (see Table 1 ), attention-deficit/ hyperactivity disorder (ADHD) was suspected based on the results at the Conners' Parent-Completed Rating Scales. Despite these disturbances described by the parents, the psychiatrist did not notice any sign of anxiety or depression, no personality disorders, and no autistic behavior or other psychiatric disorders. A neurological examination revealed no major signs of postural ataxia, muscular hypotonia, or hypermetria.
Muscle reflexes were normal and symmetrical, and only slight difficulties in successive finger movements (e.g., piano movements) with the left hand were noted. The cranial perimeter was 52.5 cm, which was within the average (53 cm; z ϭ Ϫ0.5) for boys of this age (Sempé, Pédron, & Roy-Pernot, 1979) . Electroencephalogram (EEG) recordings showed no anomalies, and a magnetic resonance image (MRI) revealed that the cerebellar vermis was absent and that the cerebellar hemispheres were fused along the midline (see Figure 1) , which are the signs of RS. The neuroradiological examination showed that this was an isolated malformation of the posterior fossa, and no supratentorial or other abnormalities were found, such as parenchymal atrophy. Usually, the presentation and severity of the clinical disability is closely correlated to associated supratentorial anomalies (Demaerel, Kendall, Wilms, Halpin, Casaer, & Baert, 1995) . The absence of such abnormalities may explain the otherwise normal behavior of Lucas, as well as the fact that he was (and continues to be) a hip-hop dancer. There was not familial history of malformation and chromosomal analyses revealed normal. IQ level, evaluated in January 2005 using the Wechsler Intelligence Scale for Children Version III, was within the normal range. A more complete neuropsychological assessment carried out in March 2005 confirmed that hypotheticodeductive reasoning, as assessed with the colored progressive matrices (PM47), was normal. Graphomotor/constructional abilities (Rey complex figure) , coordinated alternating movements with both hands and digital dexterity with each hand separately (the Figure) . Asterisks denote weak performance.
Purdue Pegboard) were normal. However, simultaneous bimanual dexterity (the Purdue Pegboard) was slightly disturbed, and this can be attributed to attentional disorders. In a subsequent assessment carried out in May 2005, 45 minutes after intake of a single dose of methylphenidate, a normalization of performance was observed in attention tasks. Medication (methylphenidate) was then prescribed for a period of a year (until May, 2006) . In October 2006, five months after the end of medication, a control neuropsychological assessment was carried out. Disorders of attention were still detectable in tasks involving cognitive flexibility (KITAP; Zimmermann et al., 2004) , speeded detection of targets among distractors (Rey, 1964) , and tracking of overlapping zigzagging lines (Rey, 1964) . The full, detailed neuropsychological profile of Lucas will be published elsewhere, but his performance in attention tests conducted in October 2006 is presented in Table 2 . The test reported here was carried out in October 2006, a period during which Lucas was not under medication. The present study used the single-case approach to assess the role of the vermis in attention, since Lucas combined the absence of vermis and the presence of attention disorders.
Materials and Method
Stimuli. The stimuli were 10 computerized white-and-black images taken from a scholar book of English structure (Stannard, 1971) . They all portrayed characters in various funny situations. The target was a white chicken, and the distractor was a black cat, each occupying an angular space of 5°ϫ 5.7°at a viewing distance of 30 cm. The color of the target and distractor was made different for reducing perceptual confusions. All stimuli were presented inside a virtual rectangle subtending an angular space of 27.7°ϫ 13.9°. The rectangle was centered on fixation. The stimuli were presented on the white background of a Dell Latitude computer with a Pentium 200 MHz processor. Procedure. Each trial started with the presentation of a humoristic scene for 1500 ms, and was followed by the addition of the chicken (i.e., the target) on the right or left side of the scene. Four conditions were tested: (a) in the distractor-absent condition, the distractor (i.e., the cat) was not presented; (b) in the Ϫ300-ms distractor-present condition, the cat appeared 300 ms before the chicken; (c) in the 0 ms distractor-present condition, the cat and the chicken appeared simultaneously; and (d) in the ϩ300-ms distractor-present condition, the cat appeared 300 ms after the chicken. The distractor was always placed at the location opposite to the target (i.e., when the chicken was on the left, the cat was on the right, and vice versa). Even though the distractor may also act as a cue when presented before the target, the term "distractor" is used throughout the text for ease. The display remained on the screen until the response, and the next trial started 1000 ms after the response. The four conditions were presented in a completely random order, and the location of the target in each trial could not be predicted. Subjects were asked to locate the target (right or left) as quickly and as accurately as possible by pressing two predefined response buttons with the index of the right and left hand, respectively. Response times (RTs) and errors were recorded by the computer since the appearance of the target. No feedback was given. Each subject completed a session of 40 trials (10 trials per condition). The test was preceded by a 10-trial training session. The procedure is depicted in Figure 2 .
Attention indexes. Except for the analysis of raw data (mean raw RTs and SDs), the results were used to compute three indexes of attention, each assessing distinct attentional components: (a) The alerting component was computed by subtracting RTs of the Ϫ300-ms condition from those of the distractor-absent condition. Phasic alerting is defined as the improved preparation process and reactivity to external stimuli shortly after a warning signal (Posner, 1978) . The abrupt prior appearance of an item (here, the cat) acts as a signal that announces the occurrence of the target, helps orient attention in time, and facilitates target processing. Furthermore, the inverse spatial relation of the target and distractor also provides information about the location of the future target, thus also speeding processing. (b) The effects of distraction were computed by subtracting the RTs observed in conditions where the target and distractor appear simultaneously from the condition where the distractor precedes the target. This corresponds to the difference between the 0 ms and Ϫ300 ms-conditions. Overall screen luminance is the same in both conditions, but the simultaneous presentation of the target and distractor creates interference that slows RTs. Conversely, the advance appearance of the distractor acts as a cue that speeds RTs since the position of the distractor interferes less with that of the target (c). The brief interruption of ongoing activities, defined as the brief inspection of irrelevant signals appearing during target processing (Michael et al., 2001) , is computed by subtracting RTs of the ϩ300-ms from those of the Ϫ300-ms condition. In the ϩ300-ms condition, the distractor appears 300 ms after the target; that is, after the presumed start of target processing. The interference effects produced by the distractor at these late stages are attributable to the inspection of changes during ongoing activities.
Results

Patterns of Attentional Disturbances
Control subjects. Twenty-one healthy children (10 boys and 11 girls) aged from 7 to 13 years (mean age ϭ 9.8 Ϯ 1.8), with normal or corrected-to-normal vision, took part in the present study.
RTs shorter and longer than mean Ϯ 2 SD were regarded as representing errors of anticipation and inattention, respectively, and discarded. Discarded trials accounted for less than 5% of the total number of trials. The results of the controls were subjected to an analysis of variance. The mean error percentage was not subjected to an analysis because it represented less than 1%. Lucas made only one error per condition.
Mean RTs
Controls. An analysis of variance was performed on correct RTs with the tested condition (absent-distractor, distractor at Ϫ300 ms, 0 ms, and ϩ300 ms) as the within-subjects factor, and gender (male vs. female) as the between-groups factor. The results of the controls are depicted in Figure 3A as filled symbols. The main effect of gender was not significant, F(1, 19) ϭ 0.6; p Ͼ .81, nor did it interact with the tested condition, F(3, 57) ϭ 0.73; p Ͼ .54. The main effect of condition was significant, F(3, 57) ϭ 20.1; p Ͻ .00001. Post hoc (NewmanKeuls) comparisons revealed that RTs were faster in the Ϫ300-ms condition (473 ms) than in the absent-distractor condition (586 ms; p Ͻ .00012), suggesting that the prior appearance of the distractor acted as an alerting signal that reliably improved chronometric performance. The difference between the Ϫ300 ms and the 0 ms (566 ms) conditions was also significant ( p Ͻ .00011). The difference between the Ϫ300 ms and the ϩ300 ms (599 ms) conditions was significant ( p Ͻ .00016), suggesting that the distractor appearing after the target still resulted in interference. All these results suggest that chronometric performance varied as a function of the presence of a task-irrelevant distractor and the temporal relationship between the target and the distractor. Finally, no speedaccuracy trade-off was observed.
Lucas. The case-controls comparison was carried out using the Q' test (Michael, 2007) , with the sole factor being the tested condition (absent distractor, distractor at Ϫ300 ms, 0 ms, and ϩ300 ms). This involves transforming the mean RT of each condition into z values on the basis of the mean and SD of the controls, and then comparing the corresponding point estimates (i.e., proportions of subjects obtaining less extreme scores than the case). Lucas' results are depicted in Figure 3A (open symbols). The main effect of condition was significant, Q'(3) ϭ 13.21; p Ͻ .0041, suggesting that Lucas' performance was different from the controls' pattern. His performance was the same as that of the controls when the distractor was absent (624 ms; Q' ϭ 1.13; p Ͼ .12) and when it preceded the target (440 ms; Q' ϭ Ϫ0.98; p Ͼ .16), but was faster than the controls when the distractor appeared simultaneously with the target (515 ms; Q' ϭ Ϫ1.9; p Ͻ .03) and when it was presented after the target (438 ms; Q' ϭ Ϫ3.62; p Ͻ .0001).
RT Variability
Controls. SDs (i.e., RT variability) collected in attention tasks reflect fluctuations of attention and are therefore useful in understanding performance. An analysis of variance was performed on SDs of correct RTs with the tested condition (absent-distractor, distractor at Ϫ300 ms, 0 ms, and ϩ 300 ms) as the within-subjects factor, and gender (male vs. female) as the between-groups factor. The results of the controls are depicted in Figure 3B as filled symbols. The main effect of gender was not significant, F(1, 19) ϭ 0.62; p Ͼ .44, nor did it interact with the tested condition, F(3, 57) ϭ 0.27; p Ͼ .84. The main effect of condition was significant, F(3, 57) ϭ 4.25; p Ͻ .009. Post hoc (Newman-Keuls) comparisons revealed that variability was bigger in the ϩ300-ms condition (158 ms) than in the 0-ms condition (105 ms; p Ͻ .016) and the Ϫ300-ms condition (98 ms; p Ͻ .01), and tended to be bigger than in the absent-distractor condition (124 ms; p Ͻ .073). No other reliable differences were observed. Subjects had equivalently regular responses when the distractor was absent or when it was presented before or at the same time as the target, but this regularity was broken when the distractor appeared after the target. This finding suggests that the distractor appearing after the target introduced ample attention fluctuations. A scene with funny characters was displayed in the center of a computer monitor for 1,500 ms. A target (a white chicken) was then added and subjects were asked to locate it (right or left side of the scene) by pressing two predefined response buttons. In some trials, the target was presented alone, but in others it was accompanied by a distractor-to-ignore (a black cat), presented at exactly the opposite side. The target-to-distractor time interval varied systematically: the distractor either preceded or followed the appearance of the target, or it even appeared at the same time as the target. The tested conditions were intermixed. All stimuli were black-and-white. Response times were recorded since the appearance of the target. Adapted from Living English Structure for Schools, W. S. Allen, 1971 . Copyright 1971, with permission from Pearson Longman.
Lucas. The analysis was carried out using the Q' test with the sole factor being the tested condition (absent distractor, distractor at Ϫ300 ms, 0 ms, and ϩ300 ms). Although the overall variability (114 ms) did not differ from the variability of the controls (121 Ϯ 37 ms; Q' ϭ Ϫ0.77, p Ͼ .22), differences were found as a function of the tested condition, Q'(3) ϭ 24.25; p Ͻ .00001; Figure 3B , open symbols. In fact, compared with the controls, Lucas' variability was bigger in the absent-distractor condition (190 ms; Q' ϭ 3.18; p Ͻ .0007), but it was quite smaller in the Ϫ300-ms condition (69 ms; Q' ϭ Ϫ2.59; p Ͻ .005) and the ϩ300-ms condition (88 ms; Q' ϭ Ϫ2.84; p Ͻ .0022). No difference was found between Lucas and the controls when the target and the distractor occurred at the same time (110 ms; Q' ϭ 0.41; p Ͼ .33). Lucas' performance exhibited large fluctuations in the absence of distractor, but they were minimized due to the presence of the distractor. This additional visual signal exerted modulatory effects. Of note, the appearance of the cat after the target produced irregularities in the responses of the controls, while it made Lucas' responses regular.
Attention Indexes
The results of the controls (attention indexes) are depicted in Figure 3C (filled symbols). The amplitude of alerting, distraction and interruption was 112 ms, 92 ms, and 126 ms, respectively.
Lucas. As before, the case-controls comparison was carried out using the Q' test. The performance pattern ( Figure 3C , open symbols) was significantly different to that of the controls, Q'(2) ϭ 31.1; p Ͻ .00001, with highly increased alerting (185 ms; Q' ϭ 2.81; p Ͻ .002), normal distraction effects (75 ms; Q' ϭ Ϫ0.9; p Ͼ .185) and no interruption at all (Ϫ2 ms; Q' ϭ Ϫ4.37; p Ͻ .0001). The picture is quite clear: Lucas is overreactive to warning signals but does not appear to interrupt ongoing activities to inspect signals that are presented abruptly.
Developmental Patterns
Even though the previous analyses revealed deviated patterns of performance compared to the controls, still remains the possibility that Lucas' performance reflects just delayed attentional processes. That is, may be young children exhibit similar patterns of results. This alternative was investigated by splitting the group of controls in to a group of younger children (Յ9 years) and a group of older children (Ն10 years), and by adding a group of adults. According to the developmental hypothesis, (a) developmental patterns of performance are expected to arise across the three groups, and (b) Lucas' performance should be close (but not necessarily identical) to that of younger children, at least partly. General and specific developmental patterns across the three control groups were investigated first. Then, the performance pattern of Lucas was compared to the pattern of each group for detecting pattern deviations. Finally, whenever a developmental pattern was identified in the controls, the corresponding pattern of Lucas was analyzed.
Control subjects. Three independent groups were constituted: the 21 control children were split into a younger group made of 11 subjects (6 boys and 5 girls; mean age ϭ 8.3 Ϯ 0.8; range ϭ 7 to 9 years) and (b) an older group made of 10 subjects (4 boys and 6 girls; mean age ϭ 11.4 Ϯ 0.84; range ϭ10 to 13 years); (c) a group of adults (11 men and 13 women; mean age ϭ 24.6 Ϯ 4.4; range ϭ 18 to 32 years). All subjects had normal or corrected to normal vision. 
Results
Mean RTs
Controls. An analysis of variance was carried out on the mean correct RT with the age group (younger children, older children, and adults) as the between-groups factor and the tested condition (absent-distractor, distractor at Ϫ300 ms, 0 ms, and ϩ300 ms) as the within-subjects factor. The main effect of age was highly significant, F(2, 42) ϭ 33.06; p Ͻ .000001. Post hoc NewmanKeuls comparisons showed that adults were faster (398 ms) than older (486 ms; p Ͻ .006) and younger children (620 ms; p Ͻ .0001), and older children were faster than younger children ( p Ͻ .0002). The main effect of condition was significant, F(3, 126) ϭ 44.6; p Ͻ .000001. RTs were faster in the Ϫ300-ms condition (415 ms) than in the absent-distractor condition (530 ms; p Ͻ .00001). The difference between the Ϫ300-ms and the 0-ms (518 ms) conditions was significant ( p Ͻ .00001), as was the difference between the 300-ms and the ϩ300-ms conditions (542ms; p Ͻ .00001). Finally, and most importantly, the Group ϫ condition interaction failed to reach significance, F(6, 126) ϭ 1.03; p Ͼ .4; Figure 4 , panel A, showing that RT did not vary as a function of age. The inspection of Figure 4A suggests, however, that the difference between the 0-ms and the ϩ300-ms conditions may not be the same in the three groups. T-tests were thus carried out, but no significant difference was found between younger and older children, t(19) ϭ 1.6; p Ͼ .12. Only a marginal difference was found between younger children and adults, t(33) ϭ 1.9; p Ͼ .07. Finally, no difference was found between older children and adults, t(32) ϭ 0.08; p Ͼ .93. Thus, the only reliable developmental pattern was a general decrement in RT with age.
Lucas. The analysis was carried out using the Q' test with the tested condition (absent-distractor, distractor at Ϫ300 ms, 0 ms, and ϩ300 ms) as factor. Lucas deviated from the pattern of younger children, Q'(3) ϭ 14.05; p Ͻ .003; older children, Q'(3) ϭ 7.8; p Ͻ .05; and adults, Q'(3) ϭ 65.1; p Ͻ .00001. Without surprise, Lucas (504 ms) was faster to respond than younger children (Q' ϭ Ϫ4.54; p Ͻ .0001) and slower than adults (Q' ϭ 7.92; p Ͻ .0001), but he did not differ from older children (Q' ϭ 0.85; p Ͼ .19). In both analyses (overall pattern and mean RTs), Lucas was faster than younger children, suggesting that the related processes were not delayed ( Figure 5, panel A) .
RT Variability
Controls. An analysis of variance was performed on SDs of correct RTs with the age group (younger children, older children, and adults) as the between-groups factor and the tested condition (absent-distractor, distractor at Ϫ300 ms, 0 ms, and ϩ300 ms) as the within-subjects factor. The main effect of age was significant, F(2, 42) ϭ 12.31; p Ͻ .0001. Post hoc (Newman-Keuls) comparisons showed that variability was smaller for adults (81 ms) than for older (105 ms; p Ͻ .05) and younger children (136 ms; p Ͻ .0002), and smaller for older than younger children ( p Ͻ .015). This is a rather expected developmental effect showing that fluctuations of performance diminish with age. The main effect of condition reached significance, F(3, 126) ϭ 6.37; p Ͻ .0005, and Figure 4 . The effects of age on performance were assessed through splitting the group of control children in to a group of young (n ϭ 11; mean age ϭ 8.3 years; filled circles) and a group of older children (n ϭ 10; mean age ϭ 11.4 years; open circles). In addition, a group of adults (n ϭ 24; filled diamonds) was tested. A, Mean response times (in ms) for the localization of the target in the absence of distractor and when the distractor appeared before, at the same time, or after the target. Note that the only difference between the three groups is general RT. B, Variability (mean SDs in milliseconds) for the localization of the target observed in the four tested conditions. C, Mean amplitude (in ms) of three indexes of attention. Note that the indexes of the three groups are quasi-identical. Error bars represent 1 SE, and asterisks denote significant condition-specific developmental patterns.
this was because of larger variability in the ϩ300-ms condition (136 ms) than in the absent-distractor condition (108 ms; p Ͻ .007), the Ϫ300-ms condition (136 ms; p Ͻ .0001) and the 0-ms condition (96 ms; p Ͻ .0003). The Group ϫ condition interaction reached significance, F(6, 126) ϭ 2.65; p Ͻ .019; Figure 4 panel B. The only developmental pattern was a reliably decreased variability in the ϩ300-ms condition for older children (114 ms; p Ͻ .0002) and adults (95 ms; p Ͻ .00001) compared with younger children (198 ms) . No such effect was found in the absentdistractor condition (all ps Ͼ 0.21), the Ϫ300-ms condition (all ps Ͼ 0.67), or the 0-ms condition (all ps Ͼ 0.27). These results suggest that, except from a general decrement in response variability with age, a similar but specific developmental effect primarily occurred when the distractor appeared some time after the target.
Lucas. The analysis was carried out using the Q' test with the tested condition (absent-distractor, distractor at Ϫ300 ms, 0 ms, and ϩ300 ms) as factor. The overall pattern deviated from that of younger children, Q'(3) ϭ 19.9; p Ͻ .0002; older children, Q'(3) ϭ 12.4; p Ͻ .006; and adults, Q'(3) ϭ 79.2; p Ͻ .00001. Lucas' mean variability (114 ms) was smaller than that of younger children (Q' ϭ Ϫ1.68; p Ͻ .047) and larger than that of adults (Q' ϭ 5.32; p Ͻ .0001). No difference was found when compared with older children (Q' ϭ 0.78; p Ͼ .21). No delayed pattern was found, because Lucas performed better than younger children ( Figure 5, panel B) . His variability in the ϩ300-ms condition (88 ms) was smaller than that of younger children (Q' ϭ Ϫ2.83; p Ͻ .002) and slightly smaller than that of older children (Q' ϭ Ϫ1.46; p Ͻ .07). No difference was found when compared with adults (Q' ϭ Ϫ0.5; p Ͼ .3). Once again, no delayed pattern was found, because Lucas's responses were more regular than those of younger children and slightly more regular than those of older children ( Figure 5, panel C) .
Attention Indexes
Controls. An analysis of variance was carried out on the mean amplitude of the indexes of attention with the age group (younger children, older children, and adults) as the between-groups factor and the index (alerting, distraction, and interruption) as the withinsubjects factor. The main effect of age was not significant, F(2, 42) ϭ 0.51; p Ͼ .6, and this was also observed for the main effect of index, F(2, 84) ϭ 1.77; p Ͼ .17, and the Group ϫ index interaction, F(4, 84) ϭ 1.29; p Ͼ .27. The inspection of the panel C of Figure 4 suggests, however, that the index of interruption may be greater for younger than older children. A direct post hoc comparison revealed that this difference was not significant ( p Ͼ .24). These results suggest that whatever the age group, the indexes of attention are of the same amplitude.
Lucas. The analysis was carried out using the Q' test with the index of attention (alerting, distraction, and interruption) as factor. The pattern deviated from that of younger children, Q'(2) ϭ 25.3; p Ͻ .00001; older children, Q'(2) ϭ 9.4; p Ͻ .009; and adults, Q'(2) ϭ 49.1; p Ͻ .00001. Lucas exhibited larger phasic alerting (all ps Ͻ .03) and reliably smaller effects of interruption (all ps Ͻ .003) than all three control groups. Finally, distraction was similar to younger (Q' ϭ Ϫ0.54; p Ͼ .29) and older children (Q' ϭ Ϫ0.88; p Ͼ .18), but smaller than adults (Q' ϭ Ϫ3.27; p Ͻ .0001). What is interesting in these analyses is that Lucas differed from younger children in alerting and interruption, a result reported in the "Patterns of Attentional Disturbances" section, where only one group was used as control. Once again, Lucas' performance cannot be attributed to delayed attentional processes.
Discussion
The present study aimed to use RS to investigate the links between the cerebellum and attention. The psychophysical task was designed to assess distinct attentional processes: (a) phasic alerting and the orienting of attention in time; that is, perceptual preparation for processing incoming signals, and motor preparation for responding to these signals, (b) distraction in the form of the simultaneous appearance of the target and the distractor, and (c) interruption of the ongoing target processing in order to attend to other signals.
Patterns of Attentional Disturbances
The analysis of RTs showed that Lucas responded to the appearance of a single target (distractor-absent condition) as fast as the controls, but that responses fluctuated badly and much more than those of the controls. The appearance of a distractor had reliable effects on the performance of Lucas. When it preceded the target, it diminished response variability. When it appeared at the same time as the target, it reduced the mean response speed. The most noticeable and reliable change was characterized, however, by fast and remarkably regular responses when the distractor appeared some time after the target. These are the first signs that Lucas' processing speed and regularity improved, especially when the distractor was present on the screen, an observation that reflects an increased responsiveness to targets in presence of other salient signals.
Lucas exhibited a reliable 64.6% increase in responsiveness to warning signals compared with the control sample. Yet, he made no more mistakes than the controls. This finding is consistent with imaging studies that have suggested the cerebellum is involved in phasic alerting (Sturm & Willmes, 2001 ) and animal studies that have shown reduced inhibitory motor control following lesions of the vermis (Bobée et al., 2000) . It is a result that may reflect multiple deficits of processes like prior enhancement of targetrelated signals and control of preparation to action (Posner, 1978) . Courchesne and Allen (1997; see also Allen & Courchesne, 2003) suggested that prediction and preparation are fundamental cerebellar functions, and Lucas' overreactivity to the warning stimulus may, therefore, reflect dysregulated prediction and preparation to action. In response to sensory signals, the vermis would modulate the excitability of the brain structures involved in motor preparation and control.
Interruption of target processing so that attention may be directed toward afferent signals was also disturbed. Signals entering the field of vision attract attention even if subjects are already occupied with processing a task-relevant signal. One way of testing this is to present the target before the distractor and to analyze the latter's influence on processing of the former. Michael and colleagues (2001) argued that this process involves detecting changes in the scene that might require changes in attitude. As mentioned before, Lucas responded faster than the controls in the ϩ300-ms condition, and his response variability was almost minimal whereas that of the controls was maximal. These findings are similar to those reported in animals with vermal hypoplasia or midline cerebellar lesions (Bobée et al., 2000; Caston et al., 1998) and in humans with lesions of the posterior thalamus (Michael et al., 2001) . This means that the controls were more disturbed than Lucas. Bobée and colleagues (2000) interpreted this behavior as reflecting difficulties with shifting attention in a noisy environment. Although this account echoes certain findings in humans with cerebellar dysfunction (Townsend et al., 1996) , the question of whether lesions of the cerebellum disturb attention shifts remains highly controversial (Golla et al., 2005; Machner et al., 2005; Schoch et al., 2004; Yamaguchi et al., 1998) . The existence of connections between the cerebellum and the posterior thalamus (Akshoomoff & Courchesne, 1992) may explain the similarity between vermal and thalamic lesioned subjects, suggesting their involvement in a common network allowing for attentional/ exploratory flexibility in response to environmental cues, especially while processing of other signals is in progress.
Distraction was seemingly not disturbed. It occurs when salient items attract attention toward their location and gain processing priority. If these signals are task-irrelevant, the result is distraction, which slows down the processing of task-relevant targets. A target and a distractor that are presented simultaneously compete for selection. It takes time for competition to be resolved, as reflected in the performance of the control sample where a mean interference of 92 ms was observed. Lucas' distraction effect, 75 ms, was within the normal range, and this is in complete agreement with the findings that human cerebellar lesions do not really disturb spatial shifts of attention (e.g., Golla et al., 2005) .
Developmental Patterns
We have also investigated the hypothesis that Lucas' performance reflects at least partially delayed-but not disturbedattentional processes. We have split the control group in younger and older children, and we have also added a group of adults. These three groups showed similar patterns of mean RTs, despite generally decreased RTs with age. They also showed the same indexes of attention. Finally, a decrement in response variability with age was observed in the ϩ300-ms condition, as well as a decrement in overall variability with age. Of note, Lucas' pattern differed from all three groups, and most importantly, he differed from younger children. These differences were found in both specific and general patterns of mean RTs, response variability, and indexes of attention. These results can easily rule out the hypothesis that Lucas' attention processes are not disturbed but just delayed. What is striking in Lucas' performance compared with the controls (and especially, younger children) is the decreased variability in presence of the distractor, and more particularly in the ϩ300-ms group. Younger children show, by contrast, a sharply increased variability in this condition.
Conclusions
To sum up, Lucas displayed (a) increased responsiveness to targets following the appearance of other visual signals. Yet, these disturbances are unlikely to reflect delayed attentional processes since (b) Lucas differed even from younger children in many respects and (c) the most important markers of attentional processing (i.e., indexes of attention) were not found to differ across three groups of control subjects of different ages. We are confident that Lucas' results reflect genuine abnormalities in attentional modulation, a function underlain by a distributed brain network probably involving the cerebellum (Bobée et al., 2000; Courchesne & Allen, 1997; Fiez, 1996; Justus & Ivry, 2001; Schmahman, 2004) . The present study thus provides some evidence in favor of the hypothesis that the cerebellum may modulate responsiveness to sensory signals and exploratory flexibility in response to such signals. The analysis of response variability supports this point of view. Lucas' performance fluctuated badly when the target was presented alone despite normal mean RT (i.e., absent-distractor condition), but changed dramatically toward highly regular, almost overpaced responses in presence of the distractor. This is another sign of dysregulated and almost stimulus-controlled performance that also contrasts sharply with what was observed in younger controls. Our results are not incompatible with findings that spatial attention is undisturbed in cerebellar patients (Golla et al., 2005; Machner et al., 2005; Schoch et al., 2004; Yamaguchi et al., 1998) .
The authors are aware of the limitations of the present study. As with all developmental disorders, it is difficult to make direct assumptions about the role of the vermis in cognition without further investigation, and thus the findings of this study may concern the cerebellum in general, not necessarily the vermis. Furthermore, Luo and O'Leary (2005) report the occurrence of small-scale (e.g., local pruning of arbor) and large-scale events (e.g., elimination of a length of primary axons and their major collaterals) in atypical brain development disorders (like the one this article deals with), so caution is required in structure-function interpretation of our results. Lucas' normal intellectual functions testify to successful adaptation. However, he still exhibits attentional problems and poor equilibrium, suggesting that this adaptation is not complete. There are interesting findings in animals showing that vermal hypoplasia (Caston et al., 1998) and focal vermal lesions (Bobée et al., 2000) produce similar results. Until such time as a case is presented with focal vermal lesion in the absence of massive cognitive disorders, we are confident that our results reflect genuine disorders of cerebellar-dependent processes. On the other hand, even though eye movements were not covered in the present study, we believe the results cannot be accounted for by oculomotor disturbances. The two critical stimuli, the target and the distractor, were fairly big, and their color was completely different so foveation was not critical in performing the localization task.
